anchor points that are placed farther apart on the circumference than the intersections made by the trisecting radii demand. In this design the circle of the smaller end arc passes through the center of the larger end arc, and the wider placement of the anchor stakes may have been made on this account. The site at Maen Mawr had anchor stakes that were closer together on the circumference. If the radial line from P2 to either anchor is taken as a hypotenuse of a right triangle one side of which is half the anchor line, then the lengths of the sides of this triangle (in megalithic half-yards) are 14, 17, and 22, which is nearly Pythagorean (142+ 172= 485e 484). 8. M. Gardner, Sci. Amer. 221, 239 (1969). 9 . To mention one such consequence, with the megalithic method concentric rings, such as those found at Woodhenge, can be drawn without using any special mensuration technique. That is, a rope can be lengthened by an unspecified amount and a concentric design can be drawn at once. With a flexible compass, on the other hand, the large arc in a type II egg, for example, can be drawn without special measurement but the other arcs must be changed by x amount to remain equidistant from the perimeter of the original figure. 10 
Mechanism of Antibody Diversity: Germ Line Basis for Variability
Analysis of amino termini of 64 light chains indicates that much antibody variability is present in the germ line.
Leroy Hood and David W. Talmage
The nature of the genetic control of antibody variability is one of the most fascinating and approachable problems in mammalian genetics. Vertebrate organisms appear to be capable of synthesizing thousands of different antibody sequences, each presumably encoded by a different antibody gene. How then do these genes arise? The somatic theory of antibody diversity postulates that antibody genes arise by hypermutation from a few germ line genes during somatic differentiation. In contrast, the germ line theory postulates that vertebrates have a separate germ line gene for each antibody polypetide chain the creature is capable of elaborating.
We discuss here certain patterns that have emerged from amino acid sequence analysis of antibody polypeptide chains. These patterns indicate that much of the sequence diversity is present in the germ line. We also discuss why the germ line theory seems to be the simplest explanation for antibody diversity.
Dr. Hood is a senior investigator in the Immunology Branch of the National Cancer Institute, Bethesda, Maryland. Dr. Talmage is professor of microbiology and dean of the University of Colorado Medical School, Denver. Requests for reprints should be sent to Dr. Talmage.
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General Immunoglobulin Structure All five recognized classes of antibodies (immunoglobulins) in mammals contain two distinct polypeptide chains, called light and heavy chains (1) . For example, there are two identical light and two identical heavy chains per molecule in the major serum immunoglobulins, the immunoglobulin G class; but the light and heavy chains differ chemically in different antibodies. Since normal antibodies produced against the simplest of antigenic determinants are generally heterogeneous, advantage has been taken of the homogeneous immunoglobulins produced in large quantities by plasmacytomas in humans and in the highly inbred BALB/c mouse (2) . Light chains are frequently excreted in the urine of individuals with certain plasmacytomas; these light chains have been called Bence Jones proteins. This article deals only with light chains because relatively little information on comparative sequences is available for heavy chains.
Light chains from most mammalian species including man are of two types, lambda and kappa, which are readily distinguished by serological and chemical criteria (1, 3) . Light polypeptide chains have two parts: a common region (approximately residues 108 to 215), which is essentially invariant for a given light chain type and species and a variable region (approximately residues 1 to 107) which is different for each well-characterized protein (4) (5) (6) . Presumably each variable region sequence directs the folding of a unique antibody light chain configuration.
Two patterns emerge when the amino acid sequences from many light chain variable regions are compared. (i) All kappa and lambda variable region sequences can be divided into subgroups on the basis of their similarity to one of eight prototype sequences (Fig. 1) .
(ii) Relatively minor deviation from the prototype sequences occurs among individual proteins of a given subgroup ( Fig. 1 ) and is designated intrasubgroup variation. We first discuss the variable region subgroups and the reasons for concluding that each light chain subgroup must be encoded by at least one distinct germ line gene. We then discuss why we believe that the intrasubgroup variation may also be encoded by separate germ line genes.
Variable Region Subgroups of Kappa Chains
The nearly complete sequences of six variable regions of human kappa chains are known (Roy, Ag, Cum, Mil, Eu, and Ti), and partial sequences of more than 35 others have been determined. All variable regions of kappa chains can be assigned to one of three subgroups on the basis of their similarity to one of three sets of linked amino acid sequences ( Figs. 1 and 2 ). These three sets of linked amino acids or three "prototype sequences" are derived by examining the proteins of one subgroup and noting the major amino acid residue at each position (3, 7) . For example, most VKI proteins have Asp (8) at position 1, Ile at position 2, Gln at position 3, and Met at position 4 ( Fig. 1) . Thus the prototype VKI sequence in this region would be Asp-IleGln-Met. The three prototype sequences Asp lie Gin Met Thr Gln Ser are given for the first 20 residues in Fig. 3 , and it is evident that each prototype sequence differs from its counterparts by 5 to 6 residues in 20. At the amino terminus, most proteins within a subgroup deviate from their respective prototype sequence by approximately one residue in 20 ( Fig. 1 23 and Cys 88) which form a disulfide bridge in the V region. Perhaps one or both of these sites is directly involved in the antigen-combining site. In spite of this variability, subgroup specific residues are present even in these regions (Fig. 2) .
In addition to the linked amino acid residues (Fig. 3 ), yet another criterion may distinguish kappa subgroups. Homologous sequence gaps (3) Are these distinct kappa subgroup genes alleles? Niall and Edman (9) found that all three kappa subgroups are present in a pool of light chains; for example, Glu at position 1 is characteristic of VKII proteins, Gln at 3, of VKI proteins, and Leu at 9, of VKIII proteins (see Fig. 1 proteins (by inference VKIII proteins); hence these alternatives cannot be alleles. Therefore it appears that at least three germ line genes must encode VK regions in each individual. A paradox arises, however, in that the common region of the kappa chains appears to be encoded by a single gene and not by three genes).
Common Region of Kappa Chains
The common regions of the kappa chains (residues 108 to 214) from light chains of different human myeloma proteins are identical except for a leucine-valine substitution at position 191 (4, 11) . This subtle interchange can be detected in normal light chains by serological and chemical techniques. Using these techniques, one can do pedigree analyses which have shown that these two variants are inherited in Mendelian fashion, thus suggesting that the common region of human kappa chains is encoded by a single structural gene with two alleles (12, 13) . The common region of the mouse kappa chains with a single amino acid sequence also appears to be encoded by a single gene (5, 14) .
That the common region of the kappa chain is encoded by a single structural gene is also supported by evolutionary considerations. Genes for common regions of human and mouse light chains probably descended from a common ancestor (these common regions have the same number of residues and they are identical at 64 out of 107 positions, as indicated in Table 2 The human lambda chain also has a common and a variable region (6 (20) . (ii) The size of the light and heavy chain polysomes is consistent with the synthesis of polypeptides having a molecular weight of 25,000 and 50,000 respectively and not with the synthesis of half molecules (21) . ( iii) The immunoglobulin products of myeloma tumors are stable through hundreds of transplantation generations, suggesting irreversible union of common and variable regions at the DNA level (22) . (iv) Finally, one heavy chain disease protein appears to have a large segment of the V and C regions deleted (residues 19 to 217) (23) . In this case the V region must have been joined to the C region at the DNA level before the deletion occurred, otherwise one must postulate that two independent deletions occurred in separate V and C genes. Furthermore, unless joining occurred at the DNA level one would have to postulate that new V region and C region recognition sites were generated so joining could occur either at the RNA or polypeptide levels (see next paragraph). Thus, it seems very likely that the joining of V and C regions occurs at the level of structural genes.
Since kappa variable and common region genes only combine with one another and never with lambda variable or common genes (24, 25) , the proposed insertional mechanism must have a means of recognizing and joining only appropriate gene pairs. The simplest model for this mechanism is the insertion of the lambda phage into the bacterial chromosome. The genome of this bacteriophage and the bacterial chromosome each must have a specific and complementary recognition site (26) . As few as 12 nucleotides are sufficient for such a recognition site (27) . These recognition sites in the immunoglobulin system must be in or adjacent to both common and variable genes. These sites could be expressed in the final polypeptide product at the NH.- 17 
Ag VKI indicating further subdivision of the VKI subgroup into two subgroups, VKI and VKiv. Hyphens represent residues identical in two or more of the sequences. Subgroupdistinguishing residues are in boxes and are numbered. Number of base changes indicates the number of changes that would be required to convert the VKI codon at a given position into a VKIV codon. Protein HBJ 4 is taken from (34) and the others from the references given in Fig. 1 .
terminal portion of the common region, the COOH-terminal portion of the variable region, or under special circumstances in neither of these regions [see the model proposed in (28) and the discussion in (29)]. Perhaps our inability to recognize the COOH-terminal portion of the VK region (residues 95 to 107) is a reflection in part of the insertional mechanism. One other mechanism which may play a role in preventing the attachment of VK regions to the Cx region could be the physical separation in the mammalian genome of the Cx and CK genes (and presumably the corresponding Vx and VK genes). There is a preliminary indication that the genes for rabbit X and K light chains are indeed unlinked (30) . In contrast the common genes of various classes and subclasses of heavy chains which may share VH regions seem to be closely linked to one another (31).
Intrasubgroup Variability
Each light chain subgroup is probably encoded by one or more distinct germ line genes. We shall now examine the genetic basis for the variation which occurs within a subgroup. We have analyzed the intrasubgroup variability for 41 kappa and 23 lambda proteins over the 20 residues of the NH9-terminal; thus more than 1200 residues were examined by comparing the amino acid sequence of each specific protein with its prototype subgroup sequence. There are 63 intrasubgroup amino acid interchanges which are indicated in Fig. 1 2) The substitutions which occur at a single position within a subgroup are highly restricted, suggesting the presence of additional germ line genes. Seven positions in the kappa chains and eight in the lambda chains show two or more substitutions within a single subgroup (see VKI positions 4, 10, and 13 in Fig. 1) . Indeed, 47 of the 66 base substitutions are represented in these 15 positions. Furthermore, 29 of the 47 multiple substitutions are represented by identical replacements occurring at the same position within a single subgroup (see VKi positions 4, 10, and 13 in Fig. 1) .
Do those subsets of proteins with identical replacements at a given position (for example, VKI proteins Eu, HBJ4, Mon, and Car) have additional linked substitutions farther down the polypeptide chain? Both Eu and HBJ4 are compared for 50 residues with myeloma proteins Ag and Roy in Fig. 4 . Proteins Eu and HBJ4 share five residues which distinguish them from the Roy and Ag proteins (34) . Clearly Eu and HBJ4 belong to a fourth kappa subgroup in that they have linked amino acid residues which seem to distinguish them from other VKi proteins.
Preliminary data indicate that the VKII proteins with Ala at position 9 will belong to a fifth kappa subgroup (34) . Thus as additional sequence data are gathered, it seems likely that many of the positions at which multiple identical substitutions are present will indicate additional subgroups in the light chains. As additional subgroups are delineated from the major subgroups already defined, the intersubgroup differences will be less extensive. Ultimately the definition of a subgroup must come to rest on arbitrary statistical criteria related to the number of shared differences between two sets of proteins. In any case, it is clear that much of the light chain diversity indicated in Fig. 1 is encoded by multiple germ line genes. If each of the positions at which identical replacements occur do represent additional subgroups (for example, VKi4, 10, and 13; VKx4, 9, and 17; VAll, 13, and 14; and VAx15), human light chains would be encoded by a minimum of 18 germ line genes. This number will certainly increase as more data are gathered.
3) There is no evidence to suggest that the intrasubgroup variation has been generated by a somatic recombinational mechanism. No recombination has been detected between V genes of different subgroups (Figs. 1 and 2) . Furthermore, in more than half of the intrasubgroup substitutions (26 out of the 47 substitutions in which the base change can be identified), it can be determined that the substituted base is not present at the corresponding position in any of the prototype genes of the same light chain type. Thus, simple recombination among three prototype VK genes cannot explain more than half of the intrasubgroup variability (35) .
Genetic polymorphism probably does not account for most of the intrasubgroup variation. If much of the intrasubgroup variation is encoded in the germ line (rather than being the result of somatic differentiation), do these variant genes all occur in the same individual or do they represent genetic polymorphism in the human population? Genetic polymorphism certainly must be responsible for some of the sequence variation, but the variation at the amino termini of kappa chains from the inbred BALB/c mouse is similar to that seen (Fig. 5 ) in the human population (36) (37) (38) . Thus if one accepts the genetic identity of individual BALB/c mice, polymorphism does not appear to be responsible for a majority of the V region substitutions. Since the variation which occurs within the subgroups of antibody light chains is indistinguishable from that which occurs among evolutionarily related sets of proteins, random single base mutation followed by selection seems to be the obvious mechanism for generating antibody diversity. The question is whether antibody genes are produced by mutation and selection during somatic differentiation or during the evolution of 'higher creatures. The sequence data cannot yet give us a direct answer to this question, but the germline hypothesis appears to be compatible with the sequence data and somewhat simpler than its somatic counterparts.
Theories of Antibody Diversity
Somatic theories of antibody formation suggest that a limited number of germline genes are responsible for antibody diversity (29, (39) (40) (41) (42) (43) . This diversity is generated during differentiation of the immunocyte by an appropriate mutational mechanism (hypermutation, recombination, translational ambiguity).
Although space does not permit a thorough discussion of the somatic theories individually, several general comments should be made. (i) It is generally agreed that somatic theories postulate that subgroup variability is encoded in the germ line, whereas an ad hoc mutational mechanism must generate the intrasubgroup variation. (ii) With a small number of genes this mechanism cannot be random in character because of the enormous amount of cell wastage that would ensue (44) . ( iii) The somatic mutational mechanism must be restricted to the variable gene (the common gene does not show similar variation). (iv) Although there is no direct evidence for a recombinational model, one cannot rule out the possibility that recombination occurs among a large number of genes-at least ten for each subgroup, which are themselves isolated from the genes of other subgroups. Hence the most attractive somatic theories, simple hypermutation and recombination, would need to be far more complex than was initially proposed (39, 40, 42, 43) [see (45) for a more thorough discussion of these points]. Thus we discuss below what appears to be a simpler solution to the problem of antibody diversity, the germ line theory.
Germ Line Theory
The germ line (multigene) hypothesis (28, 46) by identical criteria into "subgroups"'-such as the a, ,B, and 8 "subgroups").
Furthermore, a typical phylogenetic tree can be constructed from the 20 residues of the NH2-terminal of 41 (Fig. 6) . While this tree is only an approximation of the real variable gene tree (only onefifth of the variable region sequence is used), it does correlate perfectly with a similar light chain tree constructed from 13 complete variable sequences (48) and with data in Table 1 . The kappa subgroups are seen as major branches on the evolutionary tree, whereas the intrasubgroup variations represent the terminal twigs of each subgroup branch.
Additional branching (subdivisions) of the major subgroups would be expected with a germ line model of antibody diversity as more sequence data accumulates. Such subdivisions are evident even now. For example, the VKI branch designated 10 (enclosed by a dotted circle) in Fig. 6 is supported by a comparison of the first 50 residues of Eu, HBJ4, Ag, and Roy given in Fig. 4 .
As
fourth kappa subgroup (Vxiv) is strengthened by the fact that three of the five substitutions are changes of two bases. Hence, as the intersubgroup subdivisions (branching) become more subtle, it will be impossible to distinguish them from the intrasubgroup variation. Indeed it seems reasonable to postulate that there is no real difference between the intra and the intersubgroup variation; rather these merely represent events that have occurred at different points of time in the evolution of multiple V genes. As will be discussed subsequently, gene duplication could generate many daughter genes which all show an early successful mutation (intersubgroup variation) whereas later mutations (intrasubgroup variation) may be present in just a single gene.
Complete sequence data on two mouse kappa chains provide an indication of the time scale of the evolution of light chains. Mouse protein MBJ-41 has striking similarities to human VKi proteins over the first 60 residues, including the gap at residues 31 to 36. The remainder of protein MBJ-41 and most of protein MBJ-70 cannot be correlated with any of the kappa subgroups, an indication that some of the present subgroup distinctions had evolved before the human and mouse lines diverged. The remainder of the subgroup and all of the intrasubgroup variation are more recent events.
In human and mouse proteins, variable and common regions seem to be diverging at equal rates. For example, the mouse protein MBJ-41 differs from human VKI, VKII, and VKIII proteins by 36, 42, and 51 percent of its sequence respectively ( Table 2 Fig. 7 . Diagram of the evolution of a multigene system. This diagram does not imply that the common ancestor of human and rabbit had fewer germ line V genes than present-day man or rabbit. Rather, the intention is to show how a single gene in this ancestor could father a large number of contemporary genes and that different primordial genes could produce current rabbit and human V genes. This model can thereby explain species-specific residues and perhaps also provides an explanation for the apparent V region genetic markers (al, a2, a3) in rabbit heavy chains (61) .
human common and variable regions are equally distinct, and the corressponding genes seem to be diverging from one another at equal rates as would be expected in the evolution of independent but related genes. The same phenomenon is observed when a comparison of variable and common regions of human lambda and kappa chains is made (Table 3) . Again both light chain regions are about equally different, and again common and variable genes seem to be diverging at equal rates. Similar comparisons of other lambda and kappa proteins show the same pattern. Each of these observations is consistent with the hypothesis that separate germ line genes encode each distinct variable region and that the variable genes and the common genes are evolving independently but at similar rates. Furthermore, a germ line hypothesis is attractive because an ad hoc mutational mechanism is not required to explain intrasubgroup substitutions. However, we must consider three of the specific questions regarding the evolution of a multigene system. 1) How many antibody genes might be required by a germ line hypothesis? There is reason to believe that the number of antibody genes required is considerably less than the number of antibody specificities that an individual can generate. First, each antibody molecule may have a broad range of specificities, some of which may seem unrelated. For example, MOPC 315, a homogeneous mouse myeloma protein with antibody activity, shows a high binding affinity (107) (56) ? The individual light chain V genes are subject to two contrasting forces: toward diversity to increase the range of antibody activity, and toward similarity because of the structural demand for interaction with heavy chains. Each different V gene will be selected if it forms a useful antibody in combination with any one of the many different heavy chains. A large number of antibody molecules encoded by the light and heavy chain V genes would be expected to have useful functions of some sort in every individual.
Apart from the more specific selective forces imposed on individual V genes, there is selection for general functions that are common to all V regions (for example, combination with heavy chains). Since selection for general functions places identical constraints on all variable regions, it is easy to understand how invariant residues can be present in the V region (see kappa residues 5 to 8 in Fig. 1 ). The fact that structural requirements for these general functions can change in different species suggests how species specific residues might be selected in a multigene system; for example, rabbits have predominantly Ala at the NH2-terminus of kappa chains whereas man has Asp. Again, suppose a mutation 17 APRIL 1970 occurred in the common gene of the heavy chain of rabbit protein which caused a more effective light-heavy chain fit with light chains having Ala at the NH2-terminus. In time, gene duplication would continue to generate new Ala genes, and natural selection would preserve these new copies. This process, which is illustrated in Fig. 7 , suggests that significant shifts in gene frequency could have occurred during the 75 million years since the divergence of man and rabbit. Although we know very little about the nature of the selective forces operating in the immune system, the evolution of a multigene system does not seem an impossible task. The germ line theory permits one to make predictions that can be tested in at least three ways independently.
1) Theoretically one should be able to hybridize messenger RNA from one myeloma tumor with the DNA from a germ cell of the same species and thus differentiate between a large and small number of similar genes. Admittedly, serious technical problems exist both in the isolation Qf mammalian messenger RNA and mammalian DNA-RNA hybridization. Nevertheless, this experiment should be possible in the near future.
2) One can search for identical VKI chains in the highly inbred BALB/c mouse (presumably having no genetic polymorphism). At the 95 percent confidence level about 35 randomly selected proteins must be analyzed if there is to be a repeat in a pool of 200 different proteins, about 55 in a pool of 500, and about 80 in a pool of 1000 (57) . If two identical proteins are found in the first 80 examined, this would render very unlikely any somatic theory (which should generate huge numbers of light chain genes) (58). On the other hand, if no identity is found the question of a germ line mechanism as opposed to a somatic mechanism would still be unresolved (remember that 105 variable genes require less than 1 percent of the germ line DNA).
3) If an authentic genetic marker, similar to the allelic Leu-Val interchange in kappa chains at position 191 is found in one of the variable region subgroups, this would suggest that the entire subgroup is encoded by a single gene (59-61). For example, let us suppose an individual should be found in whom half of the VKI proteins begin with His instead of Asp. This would indicate a single mutation of the Asp codon of one of the two parental VKi genes and should distribute itself in a classic Mendelian fashion among the progeny of this individual.
Obviously additional sequence data may reveal new patterns which could place additional constraints on one or more of the various theories. It will be interesting to see whether or not more extensive data on the inbred BALB/ c mouse system w'ill yield a picture similar to that of human light chains.
Thus a germ line theory is attractive in that: (i) it requires no ad hoc mutational mechanism to explain intrasubgroup variation (chemical evolution generates this diversity); and that (ii) the light chain sequence variations are similar to those seen in other sets of evolutionarily related proteins; and that (iii) evolution in a multigene system provides, through frequent gene duplication, an extremely rapid and flexible response to the environment.
Summary
Immunoglobulin light chain sequences have given us our first glimpse into the complexity of the genetic mechanism responsible for antibody diversity (62) . Although various somatic models cannot be excluded (hypermutation and recombination), the germ line theory is attractive in that it is consistent with the sequence data, which seems to indicate an ever increasing number of germ line genes for all theories. Furthermore, it seems unnecessary to postulate a new ad hoc mutational mechanism for the generation of antibody diversity when a well-documented mechanism, chemical evolution, seems applicable. In any case, experiments are suggested which may allow us to distinguish unequivocally among the various theories of antibody diversity. the region of Cys at 23 could be detected in this study. 8. The abbreviations for amino acid residues are: Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys, cysteine; 
